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ABSTRACT

The GSFC(12/66) model of the main geomagnetic field uses linear

and parabolic terms in time to represent secular change over the

interval 1900-1965. The predicted field is compared with observatory

annual means to investigate systematic residuals. Deviations of the

order of lOOy are noted for short spans of years and are observed to

occur only in limited regions. Otherwise, the trends of the computed

field parallel the observations. Comparisons of secular change charts

with those drawn by earlier analyses show good agreement.

The westward drift is generally noted in the vector representation

of the harmonic coefficients except that a few terms are seen to under-

go predominantly an amplitude change. The components below (g_, h_)

that show a recognizable eastward drift are the (3,2) and (5,2) terms.

Both dip poles are noted to move smoothly northwestward over the

interval whereas the dipole position initially drifts eastward, re-

verses direction near 1920, and then moves westward at a rate up to

about 0.7°/year. Its 1965 position is found to be 78.8°N and 70.O°W.



Int,rodu,ct,io,n

Over the last few centuries there have literally been hundreds

of papers written concerning the main geomagnetic field and its

secular variation. These past research efforts follow two main

lines of approach in their analyses: I) the data from fixed obser-

vatories or relocatable positions (repeat stations) are differenced

over a period of a year or two and the differences by components

are contoured on charts. These secular change, or isoporic, charts

can be compared at intervals of decades to learn how the patterns

are altering with time. 2) Magnetic charts for given epochs are

constructed using survey observations that are reduced to the epoch

of the chart. These charts are subjected to a spherical harmonic

analysis and the results compared for several epochs (Mauersber_er,

1952; McDonald and Guns t, 1967).

Recently, however, we have elected to take a different approach

to the problem of representing the field and its secular change by

attempting to perform a numerical fitting to all of the observational

data available to us through the Magnetic Division of the United

States Coast and Geodetic Survey for the period 1900-1964 plus some

recent global satellite data acquired by the OGO-2 satellite. The

result of this work, designated the GSFC(12/66) field model (Cain et

al., 1967), is intended to be used as an initial tool for aiding in

the evaluations of the time variations in the field observed by OGO-2.

A set of 120 spherical harmonics of the internal potential were

obtained, including their first and second time derivatives.
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The accuracy of this expansion in matching the observational

data was expressed in terms of the residuals of fit by type of data,

component, and epoch. It was shownthat the non-satellite data

scattered about the fit with a distribution that was gaussian

(_ _ 120_) except for higher-than-gaussian tails. Over half of the

data of a given componentlay within 100y, 75%within 2007 and 95%

within 500_ of the fit. The distribution by componentvaried

slightly, with the gaussian "core" of the AZ distribution being the

widest at 210y whereas the total field distribution, with a I007

core wmsthe narrowest. Inspection of the data makes it clear that

the large non-gaussian excursions of the survey data about the fitting

surface are due to crustal anomalies. Considering the fact that the

distributions were obtained without any selection (on our part) of

the observations, and no time corrections were made, it is remarkable

that only 5% of the data fall outside of the 500y limit.

The satellite data are free from the influence of these crustal

anomalies and scatter a much smaller amount from the fitting surface.

The OGO-2 total field data used were taken from a magnetically quiet

period (October 29-November 15, 1965) and deviated with an almost

gaussian distribution whose constant was 12y.

The root-mean-square residuals (data differing by more than

2000y were rejected) of the survey data was found to be of the order

of 180-260_ for individual years over the interval 1906-1964 after
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decreasing from a peak of 320_ at 1900. It was suggested in the

previous paper that there may thus be systematic deviations of the

secular change estimates from the fitting surface.

In this paper we will show the way in which the parabolic

series in time for the spherical harmonic coefficients matches the

field variations measured at a selection of magnetic observatories

ans also will con_nent on some of the features of secular change

compared with those made in past papers. In reviewing the past

work on secular changes we have been surprised to find few displays

of the comparisons between the observational data and the results

of analysis.
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The Use of Secular Chan_e "Data" In the Fit

Consideration was previously given to the possibility of using

the year-to-year differences at the observatories and repeat stations

as separate information which would help determine the secular change

coefficients along with the main field terms. Such an analysis was

attempted and the results reported at the IUGG meeting in Berkeley

in 1963. It was noted that the secular change could only be entered

as a constraint to the fitting equations in an artificial way and that

the relative importance of the secular change "data" compared with

the effect of the rest of the observations had to be entered as an

arbitrary factor. Separate considerations of using secular change

were then discontinued.

In creating the GSFC(12/66) field model, a deviation was made

from the practice mentioned in a past work in that no special heavy

weighting was given to the observatory data included in the fit.

As explained in the discussion of the GSFC(12/66) derivation it was

noted that the earlier determinations (Cain et 2!., 1965; Hendricks

and Cain, 1966; and Cain, 1966) used very heavy relative weights

for the observatory data because the accuracy is higher than the

field survey data. However, it was noted in reviewing the results

of these analyses that the scatter of the observatory data was not

appreciably different from that of the rest of the observations since

the main disturbing factor is the presence of crustal anomalies and

not the inaccuracies of measurement. The observatory annual means

were thus entered into the fit with the same relative weights as

the other surface data.
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Comparison With Observatory Annual Means

The results of comparing the field components computed from

the GSFC(12/66) model with annual means observed at a selection of

magnetic observatories is given in Appendix A. These graphs

(plotted automatically) are ordered alphabetically by observatory

name. An observatory is deleted only if fewer than five annual

means are available. Noted under each name is the observatory's

latest location, longitude (positive east), geodetic latitude in

decimal degrees, and the altitude in kilometers, if known and above

I00 meters. The vertical scales are arranged from left to right,

H and Z are in gammas with i0007 between abscissa (Z positive down),

and D is in degrees (positive eastward) at 2 ° intervals. The

computed values are traced by the solid lines and are labeled on

the right side according as they are H, D, or Z. There is a break

in the computed curves if the observatory was moved. The calcula-

tions are made as appropriate to the site of observation.

The observed annual means are plotted as _ for H, ® for D,

and [-_ for Z. The computed values are fed to the (cathode ray tube)

plotter for each year for which there are observations of a component.

The plotter beam is left on between points and traces out a straight

line. The continuous curves thus appear lighter for those years for

which observed means are missing since the beam moves more quickly,

and, whereas a continuous set of points appears to give a smooth

curve, large gaps in the data (e.g. Chelyuskin, Hel) result in a

straight line connecting the points.
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One other idiosyncrasy is that on occasion the observed data

disappear from the top or bottom of the plots. This problem arose

in imperfections in the computer algorithm to choose a scale

suitable to all graphs. Since it affected but a few plots and

the algorithm was already quite complex it was decided to omit

the worst offenders and leave the rest. Thus in a few instances

(e.g. Dombas Z before 1928) there are more observed data than appear

on the graphs.

The fact that there are numerous instances where the observed

and measured data appear to parallel each other with up to a few

hundred ganTnas displacement (e.g. Alibag) suggests that the absolute

differences are due to crustal anomalies. This view is strengthened

by such examples as Honolulu where the observed values are seen to

hop from one side of the computed D and H curves when the station

was moved near 1947.

The question then arises as to whether the total observed

secular change represents that of the main field or whether it

includes a contribution from crustal matter with a "soft" permeabi-

lity. At this juncture we assume that the changes in the anomaly

field with time are of small consequence. Such changes are likely

to be of the order of the percentage secular change multiplied by

the size of the anomaly. Thus for the 95% of the data within 500_,

variations of the anomaly field due to a few percent change of the
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main field would represent only a few gammas. An inspection of the

graphs in the appendix indicates that the oscillations of the data

from the fitting surface is more often of the order of i00_.

One other factor in regard to the influence of anomalies has

been pointed out by Eleman (1966). He notes that if a constant

anomaly causes the observed annual meansH and D to deviate from

the normal field HN and DN, then a representation of secular change

in terms of H and D can be in error. Letting 6 = DN - D, the secular

change of the normal field is given by

DN (H/HN)D- (H/HN)6

HN = _I + I_6

if 6 is sufficiently small that cos6 _ i and sin6 _ 6. Eleman (1966)

showed that for Kiruna (1954-1955) the second terms amount to about

l'/year for D and 4y/year for H.

Although a plot of the data in the orthogonal components X, Y,

and Z would eliminate any concern over this geometric interaction,

we hav_ chosen to make the comparison here in terms of the observed

values. At this stage such refinements are not essential.

If the displacement due to crustal anomalies is taken into

account, the trends of the curves can be compared with the observa-

tions to inspect the degree of comparability in secular change.
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Considering that the fit was made to a selection of all data without

any corrections for storm variations or other transient effects such

as the diurnal variations, the agreement is seen to be generally

quite good. For most observatories the computed and measured H

component trends are not only very nearly parallel but also show

relatively little absolute displacement. Trends in declination

agree a little less well. The vertical intensity curves show the

largest displacements, the poorest agreement, and the largest scatter

of observational data.

The major discrepancies between the predicted and observed

data are seen to be at the western edge of the Indian Ocean. For

the twostations Mauritius and Tananarive the declination data

appears to have a smooth parabolic shape which is considerably dif-

ferent from the computed curves. Alibag declination also shows an

increasing deviation from the computed values at recent epochs after

tracking very well for the first 40 years.

For most of the other graphs the deviations from the computed

curves are sufficiently greater than any errors of measurement that

they must be real, but generally can be regarded as second order

perturbations from the main trend of secular change. The reality

of such deviations can of course be important if one is attempting

to use the field model to compute a reference field, particularly

for extrapolations beyond 1965, and also for theoretical considera-

tions as to their cause.
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One correlation to be noted later herein is that of changes

of rotation rate of the earth with trends in secular change (Dick__.___e,

1966). In the period 1900-1920, for example, there may have been

a short lived reversal of the slowing of the earth's rotation rate

that has otherwise appeared to be almost constant from 1800 through

1950 (Munk and MacDonald, 1960). The high residuals of fit from

1900 to 1910 noted in the previous paper (Cain et al., 1967) may

have been related to this phenomena. Without having survey data

available to us for the eighteenth century we could never be sure

that such an increase was not merely the result of the numerical

process of least squares where the residuals sometimes are largest

near the fringes of the data set, particularly when the data dis-

tribution is relatively thin as it is for 1900-1910.

However, the graphs in Appendix A do show that there does

appear to be a definite trend away from the parabolic curves for

the interval 1900-1910 for some components and stations. An

inspection of the plots for all English and European observatories

(e.g. Bochum, Stonyhurst, Kew, DeBilt, Greenwich, etc.) shows that

the measured secular change in H is significantly more positive

than that computed. Likewise, for the same area the secular change

in declination is more negative than that predicted. The boundaries

of this phenomena are somewhat vague but it is clearly not present

in the Pacific, South America, and Asia (e.g. Melbourne, Hong Kong,

Kakioka, Christchurch, Kodaikanal, Huancayo, Santiago, Colaba ---).
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In the United States (Cheltenham, Baldwin, Sitka) and central Russia

(Sverdlovsk) the higher secular change in H from that computed is

evident, but without the corresponding disparity in declination. It

is undoubtedly such irregularities that have led to past conclusions

(e.g. Chapman and Bartels, 1940, p. 130) that secular variation is a

regional phenomena. Although the deviations do seem to correlate

for observing stations over a given region so that a very accurate

mathematical model would require their inclusion in some way, it is

apparent that the general character of secular change is well repre-

sented by the model.

Of interest to those intending to use the field model as a

reference for the period after 1965 is the degree to which the

observed and computed trends in secular change diverge. An inspec-

tion of the diagrams again reveals that the residuals are somewhat

correlated by area. The major discrepancies are sun_narized graphi-

cally in Figure i. Shown here is the order of magnitude of the

deviation of the observed from the computed secular change in gammas/

year for H and Z and in minutes/year for D. The difference is taken

in the sense of "observed-minus-computed". The numbers plotted are

taken from averaging the secular change differences for the observa-

tories indicated as dots. The boundaries of the areas are sometimes

unknown since the stations are not very dense. However, in some

cases nearby stations show little deviation. For example, the

declination difference over northeastern Scandinavia and northwestern
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Russia does not appear in Europe. Also, the deviation in Z at Apia

and northern America does not appear at Honolulu or in the central

United States. The positive Z discrepancy is largest at Huancayo

(_ 50y/yr) and smallest at Pilar (16y/yr).
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Comparisons With Earlier Isoporic Charts

Using the GSFC(12/66) coefficients it is possible to compute

the secular change of the components at any epoch. Although this

could theoretically be done in a straightforward way for the

orthogonal components by differentiating the expressions for those

components and evaluating -vV, the representation of the H, D, and

would require special expansions. It is therefore computation-

ally simpler to compute the field for a small increment of time on

either side of an epoch (e.g. 0.5 years) and take the difference.

This procedure was carried out for the epochs 1912.5, 1922.5, 1932.5,

and 1942.5 for the components H, I, X, Y, Z, and F and isoporic

charts plotted using an automatic contouring procedure similar to

that described by Cain and Neilon (1963). These charts appear in

Appendix B along with reproductions of the corresponding ones from

Vestine et al. (1959). These charts may also De compared with those

for 1922 by Fisk (Chapman and Barrels, 1940, p. 115-119).

The comparison with the earlier charts shows that in all

instances the basic cell structure is identical. The GSFC map

extreme values do vary for the force components a few tens of gammas

per year from the values given by Vestine et al. and generally have

a smaller absolute magnitude. For inclination, the agreement is

within a few minutes per year for the center cells. Comparison

with the diagrams by Fisk for 1922 also leads to the conclusion
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that the GSFC extreme values are of smaller absolute value than

those on the earlier works. This fact would seem to imply that the

analysis using only 120 spherical harmonics may have produced an

unnecessarily smooth picture of the secular change patterns.
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Field at 1965

Since the recent field is of interest to those wishing to use

the GSFC(12/66) model as a reference at current epochs we have

compiled in Appendix C a set of surface charts for 1965.0. These

may be compared with the U. S. World Magnetic Charts for the same

epoch and shown to be in close agreement. However, as previously

noted in the comparison with the earlier isoporic charts, the

GSFC(12/66) patterns are slightly broader and less intense. If

the positive residuals given in Figure i for the Z component over

South America are added to the cQntour values in that area on the

Z isoporic chart, there would tend to be a sharpening of the cell

pattern over South America to more closely resemble that presented

in the U.S. Charts. Also, adding the negative H residual noted

on Figure I north of India to the H isoporic chart would bring

about a better agreement with the U.S. Charts.

Thus it is likely that the present method of representation

produces patterns which may in general be smoother than the observed

changes. However, more work would be needed in this area to deter-

mine whether the representation could be realistically improved for

the whole sphere with the present set of data. These comparisons

do suggest that the user of the GSFC(12/66) model as a reference

beyond 1965 should be wary of possible deviations of the order of

magnitude indicated in Figure i.
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Drift of Harmonic Components

In order to display one aspect of secular change we plot the

g,h harmonic vectors in Figure 2. The trace of the individual

components is given from 1900 to 1970, with the arrow at the later

date, for the components (g_, hE) through (_, _). The scale is

in gammas and must be divided by 5 for the (g_, h_) through (_, _)

traces. Also, the scale is broken for the large hE component. This

figure is very similar to that given by Cain and Hide (1966) using

the results of an earlier analysis. Although the traces are given

by a single curved arrow for the whole interval without indicating

the location of the points for the years between 1900 and 1970, a

detailed inspection of the data revealed that the years fall almost

uniformly along each path.

Consideration of the westward drift in terms of harmonic com-

ponents was first discussed by Carlheim-Gyllensk_Id who deduced that

the harmonic components of the first few terms drifted westward at

an increasing rate according to the degree of the expansion. Bartels

disagreed with this deduction on the basis of his analysis of data

for the period 1902-1920 (cf. Chapman and Barrels, 1940, p. 666).

Phase changes for the spherical harmonics are also discussed in

several later works (cf. Na_ata, 1962) which conclude that all com-

ponents up to (4,4)* drift westward with the exception of (3,2).

* The notation (n,m) is used here to denote the components (g_, h_).
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Figure 2 tends to support the general pattern of westward drift

as indicated by the number of components moving clockwise about the

origin. The components showing a predominantly westward motion are

(2,1), (2,2), (3,3), (4,1), (4,2), (4,3),(5,4), (6,1), (6,2), (6,3)

whereas those with a dominant eastward pattern are (3,2) and (5,1).

The others tend to be special cases. For example (3,1) and (4,4)

and (6,5) combine a large relative amplitude change with a predomi-

nantly westerly drift while (5,2), (5,3), and (6,4) also undergo

large changes in amplitude but exhibit an overall eastward motion.

The dipole term (I,i) is drawn with a bar across at the 1900

starting point. It traces out from 1900 to about 1920 in an

increasing-amplitude, eastward direction and then suddenly reverses

and overlays itself with a slight westward motion. As pointed out

earlier, it would be unwise to infer too much signficance from this

reversal until a systematic analysis is performed which includes

pre-1900 data.

The more constant and characteristic feature of this diagram,

which was also discussed by Cain and Hide (1966) is that with the

sole exception of the (6,1) trace, both the east and westward moving

components exhibit a clockwise curl. Each trace appears to be a

segment of an ellipse.
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Chan_es in Surface Features

Bullard et al. (1950) treated the question of the westward

drift by considering the "non-dipole" field as defined by vectori-

ally subtracting the eccentric dipole from the results of Vestine

et al. (1959). This subtraction is commonly done because of the

dipole component is so much larger than the smaller scale features,

appears to change differently and thus may have a different physical

basis. However, as we have seen in Figure 2 the absolute change in

the (i,i) component is not disproportionate to that of the other

harmonic terms. According to this figure the small angular change

in its phase is due to the fact that its amplitude is relatively

large and there is a reversal of trend. We thus prefer at this

juncture to discuss features pertaining to the whole field rather

than dismembering it for an inspection of its parts.

A cursory inspection of some of the surface features confirms

the general westerly motion of the field depicted by our model.

The 0.23°/year drift of the Brazilian minimum in total field for

this model at the present epoch has already been discussed (Cai__._.n_n,

LanEe!, and Hendricks, 1967). The Siberian high in F at the

surface is estimated by the model to be located at 61.8°N, I07.6°E

in 1960 and moving at a rate of 0.03°/yr north in latitude and

0.1°/yr west in longitude. The Canadian high is also moving north

from its 1960 position of 56.7°N, 98.0°W at a rate of 0.08°/yr.

However, it appears to evidence an easterly drift of about O.03°/yr.
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Position of Poles

The GSFC(12/66) model shows both the north and south dip poles

to be moving northwesterly. The change in position of these two

points for the period of the data is shown in Table i.

TABLE 1

Drift of Dip Poles [GSFC(12/66) Model]

Date North South

1900 71.2N 96.9W 72.3S 153°2E

1930 72.6N 99.0W 68.8S 144.7E

1960 75.1N 100.7W 66.7S 140.7E

1965 75.5N IOI.0W 65.5S 140.3E

The 1965 values for the latitudes agree exactly with those

adopted for the U.S. (Hurwitz et al., 1966) and British (Leaton,

Malin, and Evans, 1965) World Magnetic Charts but differ a few

tenths of a degree in longitude.

Although the positions of the computed dip poles varied

smoothly over the 1900-1965 interval, the direction of motion of

the dipole appeared to reverse as already indicated on Figure 2.

The positions of the boreal point are given in Table 2. It is

seen that after the reversal near 1920 the pole has begun to move

westward" at a current rate of about O.07°/yr.
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TABLE2

North Dipole Location - GSFC(12/66)Model

Westward
Latitude Longitude Drift Rate

(degrees/year)

1900 79.0N 69.0W

-.03

1910 78.8 68.6
-.01

1920 78.7 68.5

.01

1930 78.7 68.6

.02

1940 78.7 68.8

.04

1950 78.7 69.2

.05

1960 78.7 69.7

.07

1965 78.8 70.0

The 1965 location given here can be compared with the 78.6N,

70.4W position given by Leaton, Malin, and Evans (1965) and the 78.6N,

70°0W values of Hurwitz et ai°(1966).
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Conclusions

Since the GSFC(12/66) field analysis was performed on survey data

without correcting them for short period fluctuations such as Dst and

Sq, it is remarkable that the main patterns of secular change repre-

sented agree so closely with earlier analyses in which the data were

subjected to a careful screening and correction process. The main

defects of the model result from the irregular regional changes super-

imposed on the general trends and the use of a parabolic representation

over too long an interval. For these reasons it is apparent that an

extrapolation of the model to epochs beyond the last data used (1965.8)

will be increasingly in error by as much as a few tens of gammas per

year in some areas. Although this deviation may seem large it is

unlikely that better forecasts can be made until there is an evaluation

of recent satellite survey data taken over a period of a year or more

to allow for a more accurate ilobal estimate of secular change. This

work does indicate that there is no special need for fixed repeat

stations for monitoring the secular change. Although data from such

stations were indeed a valuable addition to the data set, the fact that

they remained in one location was not used in the analysis. It may be

possible in the future to monitor the main field using only satellite

data corrected for time variations as derived from the fluctuations

observed at the surface observatories.

The observation that most of the spherical harmonic vectors move

westward supports previous work that there is a basic pattern of westward
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Decrease in Magnetic Moment of Dipole

The first three terms of the expansion can be used to compute

an equivalent dipole moment and equatorial field (Chapman and

Barrels, 1940, p. 642). Using a value of a = 6.3712 X lOs cm for

a mean radius, the value of M and H o are given in Table 3.

TABLE 3

Dipole Moment and Horizontal Field Of Equivalent Dipole

M x 10-25cgs Ho(F ) H@(_/year )

1900 8.298 .3209

-20

1920 8.197 .3170

-18

1940 8.105 .3134

-16

1960 8.023 .3102

Although it has become popular recently (Leaton and Malin, 1967;

McDonald and Gunst, 1967) to speculate on the demise (about 3700-

4000 A.D.) of the main field dipole by extrapolating a linear trend

from such data as the above [since field reversals are believed to

have occurred in geological time (Cox et al., 1967)], one should

note the tendency in the above results for a reduction in rate of

decrease. Since our analysis included data for a time span during which there

is only a 3% change in M, extrapolations to zero are very speculative.
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drift. The constancy of a clockwise curvature pattern for almost all

components is noted for the first time as a curious and unexplained

result.

The sudden reversal of the eastward drift of the dipole poles near

1920 may possibly be due to inaccuracies in the analysis resulting in

part from the poor data distribution. On the other hand one is tempted

to join those who speculate that such a change coincides with the

reversal in the rate of decrease of the earth's rate of rotation. The

slight, but apparently real, slowing of the rate of decrease of the

momentof the earth's main dipole is in a direction that suggests that

the field is not beginning a cycle of reversal. Such suggestions could

be checked only by obtaining a much longer span of magnetic field

observations and subjecting them to a consistent analysis.
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APPENDIX B

Comparison of isoporic chsrts (1912-1942)

from GSFC(12/66) with those from Vestine et ai.(1959)
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APPENDIX C

Main field component and isoporic charts

computed from GSFC(12/66) for 1965.0 at the earth's surface
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